This study investigated the influence of surface roughness and cyclic loading on fatigue resistance in Y-TZP subjected to hot isostatic pressing (HIP). Fifty Y-TZP cylinders 3.0 mm in diameter were divided into Group A (polished by centerless method; TZP-CP) or Group B (blasted and acid-etched: TZP-SB150E). Twenty five cp-titanium cylinders (Ti-SB150E) were used as a control. Static and cyclic tests were carried out according to ISO 14801. The cyclic fatigue test was performed in distilled water at 37°C. Surface morphology and roughness as well as crystal phase on the surfaces were also evaluated. Fracture force under the static test was 1,765N (TZP-CP), 1,220N (TZP-SB150E), and 850 N (yield force, Ti-SB150E). Fracture values under the cyclic test decreased to approximately 70% of those under the static tests. These results indicate that HIPed Y-TZP with a 3.0-mm diameter has sufficient durability for application to dental implants.
INTRODUCTION
Tetragonal zirconia polycrystals, and yttria-stabilized zirconia (Y-TZP), in particular, are used in the framework for fixed, metal-free prostheses and dental implants due to their mechanical, biocompatible and esthetic performance [1] [2] [3] . Moreover, they offer an advantage over titanium (Ti) implants, in that there is no risk of discoloration or hypersensitive reaction 4, 5) . The osseointegration capability and durability of TZP implants has been reported to be similar to that of Ti implants in a number of animal experiments, indicating its suitability as an implant material 6, 7) . Little information is available, however, on the durability of Y-TZP implants with exposure to cyclic fatigue [8] [9] [10] [11] . This is important, as Y-TZP may undergo low-temperature degradation in the aqueous solutions encountered in the oral environment, possibly resulting in a significant reduction in strength and toughness 11, 12) . In general, fixed TZP prostheses are fabricated by pre-sintering compaction and post-sintering at around 1,350ºC. Hot isostatic pressing (HIP) under high pressure in an inert atmosphere is considered to be suitable for application to the implant body, as dental implants are not fabricated for the individual patient. This means that high mechanical performance can be ensured by HIP processing without resort to a complicated fabricating procedure. Moreover, it allows a very high density to be achieved, thus enhancing the reliability of the ceramic components 13, 14) . In vitro implant testing protocols vary, making it difficult to compare results. Some studies have tested dental implants using static loading 15, 16) . Static loading, however, may have very little clinical relevance, as mechanical failure is more likely to be related to repeated, low-level loading over an extended period of time rather than an acute overload. Recently, studies using cyclic loading have investigated durability in a clinical situation [17] [18] [19] . In addition, a standardized implant fatigue testing protocol was developed in 2003 by a panel of industry and academic experts for the Organization for International Standardization (ISO 14801) 20) . Surface roughening of Ti implants by blast and acid-etching, for example, is usually used to enhance osteogenesis at the implant/bone interface. Such surface treatment, however, carries the risk of introducing flaws or microcracks into the TZP surface that may accelerate failure during clinical use 21) . The fatigue durability of TZP implants with a roughened surface, however, remains to be clarified. In particular, no studies were reported about the cyclic fatigue properties of TZP implants fabricated by HIP with a roughened surface.
Therefore, the aim of this in vitro study was to evaluate the influence of surface roughness and cyclic loading on fatigue resistance in zirconia fabricated by HIP.
MATERIALS AND METHODS

Sample preparation
Yttria-stabilized zirconia polycrystal powders (TZ-3YB-E, Tosoh, Tokyo, Japan) were processed by a cold isostatic pressing method into a 50 cylindrical rods. After sintering at 1,350°C for 2 h in atmosphere, HIP was performed at 1,300°C for 1 h under 147 MPa pressure in an argon atmosphere. Twenty-five cp-titanium cylinders (cp-Ti, JIS grade 2, Tokyo titanium, Saitama, Japan) were used as a control. All cylinders were prepared to 17.0 mm in length and 3.0 mm in diameter (Fig. 1) .
Surface treatment of the side of the cylinder specimens is summarized in wheel and then polished with a #400 diamond wheel by a centerless method (TZP-CP). The surfaces of the other 25 HIPed Y-TZP cylinders were blasted and acid-etched (TZP-SB150E). Blasting was performed perpendicularly to the surface from a distance of 10 mm with 150-µm alumina particles at 0.5 MPa air pressure. Acid etching was carried out on the blasted specimens with 47% hydrofluoric acid (HF) for 15 min at room temperature. Specimens Ti-SB150E, using cp-Ti, were prepared by blasting with 150 µm-alumina and etching with an equal mixture of hydrochloric and sulphuric acid at 70ºC for 5 min. These specimens were cleaned ultrasonically using acetone and distilled water for 10 min.
SEM observation
The surface of the cylinders was observed using a field emission scanning electron microscope (SU6600, Hitachi, Tokyo, Japan). The fractured surfaces of the TZP specimens after the cyclic fatigue test were also observed.
Surface roughness
Surface roughness on the side of the cylinders was measured using a surface roughness tester (Surfcom 130A, ACCRETECH; Tokyo Seimitsu, Tokyo, Japan). Measurement was carried out longitudinally along the surface of the cylinders. The arithmetical mean surface roughness (Ra) was calculated with a cut-off value of 0.25 mm, measurement length of 2.0 mm, and measurement speed of 0.6 mm/s.
X-ray diffractometry
Amounts of monoclinic and tetragonal phase TZP-CP and TZP-SB150E were determined in each specimen using an X-ray diffraction system (XRD) (RINT-2000, Rigaku, Tokyo, Japan) equipped with a position-sensitive proportional counter. X-ray output was set at Cu-Kα, 40 kV and 200 mA. For measurement, the incident beam was focused onto a beam spot 100 µm in diameter using a collimator. X-ray diffraction measurement was performed on the side of the cylinders in the central area. Three specimens were used for each condition, each of which was measured at 3 points. The relative amount of monoclinic phase was calculated based on the method of Garvie and Nicholson 22) .
Static loading and cyclic fatigue tests
Static loading and cyclic fatigue tests were carried out generally in line with ISO 14801. A hemispherical cap of carburized quenching steel with chromium plating was placed over one end of each specimen, which was then inserted into an aluminum pipe (elastic modulus: 70 GPa; external diameter: 5 mm; thickness: 1 mm) with one slit running its length longitudinally. The specimen in the aluminum pipe was then fixed in a specimen holder at an angle of 30° to the vertical axis ( Fig. 1) . To simulate bone level, the distance between the center of the sphere cap and the specimen holder was set to 11 mm.
In the static test, 5 specimens from each group were used to measure the load-deflection curve using a universal testing machine (Autograph AG-1, Shimadzu, Tokyo, Japan) at room temperature in atmosphere. A perpendicular load was applied to the angulated specimens under a crosshead speed of 1 mm/ min. Fracture force (N) was measured at the load at which fracture occurred. The yield force (N) at which the load-displacement curve first deviated by 0.2% of displacement from the regression line was recorded as an indicator for the beginning of non-linear structural behavior in the Ti specimens.
The cyclic fatigue test was performed using a servodriven load cell type testing machine (TY-100, Techno Arc, Shiojiri, Japan) by applying a cyclic load at a frequency of 2 Hz, for 10 6 cycles in distilled water at 37°C (Fig. 2) . The loading device, which had a flat surface of the same material as the hemispherical cap, was allowed free transverse movement to the direction of load. Cyclic fatigue force was determined by the staircase method, in which the load is raised in increments of 5%. First, 60% of maximum load was applied to a specimen. If fracture occurred in a TZP specimen or yield force was reached in a Ti specimen in less than 10 6 cycles of loading, load was reduced by one increment in the next specimen. If neither of these phenomena occurred in this next specimen with 10 6 cycles of loading, a load one increment higher was applied to the next specimen. This procedure was continued until the 20 specimens in each group were expended. Calculation of the mean and standard deviation of the cyclic fatigue force was performed via the staircase method using the following equations 23) :
where m=statistical estimate of mean cyclic fatigue force, y'=lowest load level at which the less frequent event occurred, d=step size, i.e. the load increment, N=total number of less frequent events, s=statistical estimation of standard deviation, and A=Σ in, B=Σ i 2 n (i=level of amplitude, n=number of fractured specimen)
The plus sign (+) is used if the less frequent event is non-fracture and the minus sign (−) if the less frequent event is fracture.
Statistical analysis
The surface roughness and static fracture (yield) force were statistically analyzed with an ANOVA followed by the Bonferroni test (α=0.05). Figure 3 shows the surface morphology of the cylinders at ×30, ×500, ×5,000 and ×50,000 magnifications. Marked differences were observed between TZP-CP and TZP-SB150E surfaces. Whereas many deep defects were observed in the troughs of the large-waved configuration in TZP-SB150E, such defects were only few and irregular in TZP-CP. A consistently roughened surface with a spiky morphology was observed in Ti-SB150E.
RESULTS
Surface morphology and surface roughness
The Ra values of TZP-CP and TZP-SB150E were significantly larger than that of Ti-SB150E (P<0.05) (Fig. 4) . 
X-ray diffraction (XRD)
Representative XRD profiles are given in Fig. 5 . A monoclinic ZrO 2 phase (black arrow) was recognized on the TZP-SB150E surfaces, despite no monoclinic phase being observed in the TZP-CP specimens. The percentage of monoclinic crystal in the TZP-SB150E surfaces was 4.2±1.1%.
Fracture and yield force
The fracture force in the TZP specimens and yield force in the Ti specimens under the static loading and cyclic fatigue tests are shown in Fig. 6 . The results of cyclic fatigue force in the cyclic fatigue tests were determined using the staircase method as shown in Fig. 7 . The static fracture force of TZP-CP and TZP-SB150E and static yield force of Ti-SB150E were 1,765 (±60), 1,220 (±109) and 850 (±27) N, respectively. Static fracture force showed a decrease in the TZP-SB150E specimens compared with in the TZP-CP specimens. Nevertheless, a higher static fracture force was observed in the TZP-SB150E specimens than static yield force in the Ti-SB150E specimens.
Cyclic fatigue force in TZP-CP, TZP-SB150E and Ti-SB150E was 1,230 (±103), 854 (±72) and 587 (±34) N, respectively (Fig. 6) . The same tendency as with static fracture force was observed here.
Fracture occurred at the clamped portion in all TZP specimens (Fig. 8) . In the Ti-SB150E specimens, permanent deformation was observed at the clamped portion, without obvious failure. Figure 9 shows SEM micrographs of the fractured surfaces on the TZP-SB150E specimen after the cyclic fatigue test. Radiating hackle lines surrounded the failure origin (white arrow) on the tensile surface of this specimen.
DISCUSSION
In the present study, the static loading and cyclic fatigue tests were carried out in accordance with ISO 14801, which was established by the International Organization for Standardization for evaluation of fracture strength and longevity in implants and simulation of in vivo conditions. Under the specifications contained therein, endosseous dental implants are to be clamped in such a way that the axis runs at 30°±2° to the loading direction of the testing machine, and testing is to be carried out at a medium temperature of 37°C±2°C, as corrosion fatigue in ceramic materials has been reported 11) . According to ISO14801, testing in liquid media is to be conducted to 2×10 6 cycles at or below 2 Hz. In the present study, however, the frequency and maximum number of loading cycles was set to 1×10 6 cycles at 2 Hz in accordance with the recommendations earlier studies, in which the authors suggested limiting it to 1×10 6 cycles for purposes of standardization and to offset increased testing time 24, 25) . In this study, the specimens were inserted into an aluminum pipe (elastic modulus: 70 GPa) for the cyclic fatigue test. In general, resin materials are used to fix implants for cyclic loading, as they have the appropriate elastic modulus for a bone analog material (10-20 GPa) 25) . Moreover, it is usually assumed that a force of approximately 98 N (10 kgf) is appropriate to simulate chewing 8, 38) . However, in this study, the applied force (more than 1000 N in the case of TZP-CP) was much higher than this. Actually, the applied force for fatigue test was determined according to the ISO specification. Indeed, the embedment resin materials used in the preliminary test were completely broken under the applied force. Finally, we decided to use an aluminum pipe to fix the specimens for the cyclic fatigue test. We believe that the cyclic fatigue force measured by the ISO specification may be reflected in the fatigue limit (endurance limit) of the implant materials in the clinical situation.
The staircase method was employed to estimate cyclic fatigue force in the present study. Many fatigue testing procedures have been devised, including the standard method using the S-N curve, constant stress level testing, the response or survival method (Probit method), step-test method, Prot method, staircase or up-and-down method, and the extreme value method 23) . Among these, the staircase method automatically concentrates testing near the mean and requires fewer tests 26, 27) . Hot isostatic pressing was introduced to achieve very high density and enhance the reliability of ceramic components 13, 28) . In our preliminary test, HIPed Y-TZP showed very high strength (biaxial flexural strength: approximately 1,800 MPa) compared with Y-TZP fabricated by the normal sintering method in air (biaxial flexural strength: approximately 900 MPa). The total number of defects and the largest defect size were reduced by HIPing, resulting in an increase in strength and the Weibull modulus 29) . The reduction in defects by HIP has also been reported to result in the origin of fracture changing from the internal bulk to the surface 29) . This means that HIPed Y-TZP may undergo low-temperature degradation initiated from defects on the surface in an aqueous solution, possibly resulting in a significant reduction in strength and toughness 12, 30) . Therefore, cyclic fatigue tests should be performed to confirm the applicability of HIPed Y-TZP implants to clinical use.
In the present study, fracture force showed a decrease in the blasted and acid-etched specimens (TZP-SB150E) compared to in the polished specimens (TZP-CP) under both the static loading and cyclic fatigue tests. Although a monoclinic phase was recognized on the TZP-SB150E surfaces, none was observed on the TZP-CP surfaces by X-ray diffractometry, suggesting that compressive stress occurred on the former. Sandblasting was effective in inducing tetragonal to monoclinic transformation and, therefore, increasing mean flexural strength of TZP 31) . On the other hand, noticeable differences in surface morphology and Ra were observed between TZP-SB150E and TZP-CP (Fig. 3) . Whereas many defects were observed in TZP-SB150E, few were seen in TZP-CP, even though the TZP-CP specimens did not have a glossy surface (Ra<0.1 µm) but a polished surface of clinical level (Ra: 0.2-0.3 µm) 32) . Thus, blast and acidetching can introduce flaws or microcracks into TZP surfaces that might accelerate failure 33) . Taking these positive and negative effects of blast and acid-etching into consideration, we believe that the introduction of flaws and microcracks by blast and acid-etching may have been responsible for the decrease in fracture force of TZP seen in this study.
Fracture force in the cyclic fatigue test showed a remarkable decrease in comparison with that in the static test under all conditions in the present study. In brittle materials such as ceramics, cyclic loading leads to the propagation of small cracks, causing them to break at relatively low degrees of stress, and cyclic loading is effective in predicting the strength of ceramics in clinical use 34) . In a static test, the presence of a compression layer on TZP may contribute to an improvement in fracture force. However, if a crack progresses from a surface defect by fatigue testing, it will influence lowtemperature degradation, and a strong decrease can be expected. As described above, the origin of fracture is prone to change with HIP 29) . Hence, HIPed Y-TZP is susceptible to change in surface morphology such as defects and flaws, resulting in an increase in crack propagation and decrease in cyclic fatigue force in an aqueous condition 11) . In the present study, defects and/or flaws were observed not only on TZP-SB150E, but also on TZP-CP, even if the shape and size were different from those on TZP-SB150E 8) . The cyclic fatigue force of Ti-SB150E was also reduced compared to static yield force. This was probably mainly due to the fatigue mechanism. Fatigue, which refers to the process of progressive localized permanent structural change occurring in a material subjected to cyclic loading, is responsible for decrease in mechanical strength. This process is usually initiated by stress raisers such as voids, inclusions, notches, surface roughness modifiers, and metallurgical variables 35, 36) . In the present study, TZP-SB150E (HIPed Y-TZP that was subjected to blast and acid-etching) had a higher cyclic fatigue force (854 N) than that (587 N) of Ti-SB150E (cp-Ti that was subjected to blast and acid-etching). These results showed that HIPed Y-TZP had higher durability than cp-Ti (Grade-2) in a clinical situation, even though the surfaces were roughened to induce osteogenesis on the implant body.
The degree of cyclic fatigue force obtained in the present study was compatible with the current standards of strength required for an oral implant, suggesting that such an implant would be capable of withstanding clinical occlusal loading for more than 20 years 37) . Maximum occlusal force has been reported to range from 250 to 400 N in the posterior dentition and 140 to 170 N in the anterior dentition 38) . It should be noted that the diameter of the HIPed Y-TZP used in this study was only 3.0-mm that was the minimum size in clinical use. Accordingly, roughened HIPed Y-TZP may have sufficient fatigue strength even under the maximum occlusal force in posterior dentition. In addition to the superior esthetic property of Y-TZP, the smaller the implant, the more likely it is to be acceptable to the patient.
Only the cylindrical rods with different surface treatment were used in this study. However, the implant shape with single body is not suitable in clinical situation, because the major implant body has two or three components with a tube deign. The present study, as a first step, used the simple cylindrical rods to investigate fatigue resistance of TZP. Further study is necessary to clarify the applicability of TZP to other system such as two-piece implants with a hollow cylindrical deign. The results in the present study, however, indicate that HIPed Y-TZP has sufficient durability for application to dental implants.
